Introduction {#s1}
============

Functional dyspepsia (FD), as one of the most common clinical functional gastrointestinal diseases, is defined as 'presence of symptoms thought to originate in the gastroduodenal region, in the absence of any organic, systemic, or metabolic disease likely to explain the symptoms' [@pone.0068205-Tack1]. Although FD has a profound impact on quality of the life of patients and yields quite high medical costs, the underlying pathogenesis of FD remains unclear. Fortunately, neuroimaging techniques, such as magnetic resonance imaging (MRI) and positron emission tomography (PET), provide us a window to investigate the dysfunction of the brain-gut axis involved in processing of visceral discomfort or pain, which has been suggested to play a critical role in FD disorder [@pone.0068205-VanOudenhove1], [@pone.0068205-Zeng1], [@pone.0068205-Mayer1], [@pone.0068205-Mayer2], [@pone.0068205-VanOudenhove2], [@pone.0068205-Vandenberghe1].

Recently, functional MRI (fMRI) and PET have been largely used to rule out alternative causes of FD while measuring the patterns of brain activity, as the biological marker. Furthermore, various abnormalities of the brain regions in FD patients have been found in comparison with healthy controls (HCs). By applying experimental design of gastric balloon distention, Vandenberghe et al investigated that there existed abnormal activity in the brain regions between FD patients with hypersensitivity, consisting of the bilateral gyrus precentralis, bilateral gyrus frontalis inferior, bilateral gyrus frontalis medialis, bilateral gyrus temporalis superior, bilateral cerebellar hemisphere, and left gyrus temporalis inferior [@pone.0068205-Vandenberghe1]. Van Oudenhove et al investigated the abnormal brain processing during the gastric distention stimulation, sham and no distension conditions. Abnormal brain activations, found between FD patients and HCs during different conditions, were associated with sensory, arousal-anxiety and affective-cognitive modulations [@pone.0068205-VanOudenhove1].

In the other hand, the resting-state abnormalities of FD patients have been being paid more attention to, which might be potential valuable to provide us with more direct information about the neural basis of FD. Van Oudenhove and colleagues detected that psychosocial factors might contribute to FD abnormal brain activity during the resting-state. They reported that activity in the pregenual anterior cingulate cortex (pACC) and anterior middle cingulated cortex (aMCC) was negatively correlated with anxiety, while the dorsal pons activity was positively related with anxiety [@pone.0068205-VanOudenhove1]. With regards to abuse history in FD, Van Oudenhove et al detected that abuse history was related to distinct activities in the insula, prefrontal cortex (PFC), hippocampus (HIPP) and amygdale [@pone.0068205-VanOudenhove2]. Evidence from one of our previous studies suggested that there was an extensive increasing cerebral glycometabolism especially in the homeostatic afferent processing network, such as the ACC, MCC, insula and thalamus [@pone.0068205-Zeng1]. We also tried to investigate dysfunctional connectivity between brain regions between the cerebral hemisphere, and reported increased interhemispheric connectivity in brain regions including the ACC, insula and thalamus [@pone.0068205-Zhou1]. However, the number of FD-related resting-state studies still remained limited.

Although these findings mentioned above revealed the dysfunctions of the brain processing visceral information in FD patients, these studies mainly focused on determining statistical group differences by conventional methods, which analyzed activation of each position of the brain, separately. Although conventional methods have the ability of detecting differential neuronal processes, they ignore potential sources information or the spatial correlation in the data, such as the interrelationship between the activities at different brain areas [@pone.0068205-MouroMiranda1], and may not be optimally suited to investigate the diagnostic separation between patients and HCs, based on neuroimaging data [@pone.0068205-Weygandt1]. In recent years, pattern recognition techniques have been widely implicated in fMRI data analysis, referred to multivariate pattern analysis (MVPA). Since MVPA can take into account the pattern of information which may be shown across multiple variables, MVPA presents a higher sensitivity compared to the traditional statistical methods [@pone.0068205-Pereira1], [@pone.0068205-Dosenbach1]. This method also considers the conjoint information of different patterns. Therefore, it is widely used to detect the clinical diagnostic states [@pone.0068205-Weygandt1], [@pone.0068205-Fan1], [@pone.0068205-Ecker1], [@pone.0068205-Weygandt2], [@pone.0068205-Zhu1], [@pone.0068205-Craddock1], [@pone.0068205-Zeng2]. Nevertheless, up until to now there was no study considering for analyzing abnormal brain activity of FD patients during the resting state, using the MVPA approach.

In the present study, our subjective was (I) to investigate whether there was a characteristic distribution pattern of brain activity that was different in the FD patients from the HCs during the resting-state. (II) to detect the interactions between the characteristic brain activity of the FD patients from the neuroimaging findings and the FD symptoms (i.e. disease duration and symptom severity). To achieve these goals, we firstly used support vector machines (SVM) as a pattern classifier, and we trained this classifier with a patient group of thirty individuals and a control group of thirty individuals using leave-one-out cross validation (LOOCV). A correlation analysis was then conducted for the relationship between the abnormal neuroimaging findings and FD symptoms. Here, we hypothesized that there existed certain characteristic distributed pattern that contributed to finding the FD-related abnormalities of brain activity during the resting-state, compared with HCs. We also hypothesized that the FD symptoms would have an effect on the characteristic distributed pattern of brain activity in FD patients.

Materials and Methods {#s2}
=====================

Ethics Statement {#s2a}
----------------

All research procedures of the current study were approved by the West China Hospital Subcommittee on Human Studies and were conducted in accordance with the Declaration of Helsinki. Verbal and written consent was obtained from each subject.

FD Patients {#s2b}
-----------

Thirty FD patients were identified according to Rome III criteria and were recruited in the present study. Inclusion criteria were: 1) aged between 20 and 30 years and 2) meeting the Rome III criteria on FD and postprandial distress syndrome (PDS). The patient was excluded if he/she met any of the following criteria: 1) being pregnant or lactating, 2) having taken medications such as selective serotonin reuptake inhibitors, non-steroidal anti-inflammatory drugs, aspirin, phenothiazines and steroids that affect gastrointestinal motility for over two weeks prior to enrollment or having other substance abuse, 3) having a history of gastrointestinal surgery, 4) having suffered from serious cardiovascular, neurological, psychiatric, renal or respiratory diseases, 5) having experienced acid regurgitation, heart burn or upper abdominal pain as the predominant symptom, 6) having had gastric atrophy or erosive gastroduodenal lesions and 7) having had cholecystitis, gall-stones or esophagitis. All of the patients were restricted to take medications (such as prokinetic and antinausea drugs) at least 24 hours before scanning. The subject recruitment criteria and evaluation of the symptoms were similar to that in our previous study [@pone.0068205-Zeng1], [@pone.0068205-Zhou2].

Healthy Controls {#s2c}
----------------

Thirty age and gender matched healthy controls were recruited. They had no history of neurological or psychiatric disorders and had refrained from alcohol or drug consumption in the previous one week, and underwent similar basic evaluations including a review of their medical history, a physical examination, electrocardiogram, upper abdominal ultrasound and gastrointestinal endoscopy.

Behavioral Measures {#s2d}
-------------------

The Zung Self-Rating Depression Scale (SDS) [@pone.0068205-Zung1] and the Zung Self-Rating Anxiety Scale (SAS) [@pone.0068205-Zung2] were applied to quantify the depression/anxiety related symptoms in the present study. Both of the SDS and SAS consisted of 20 items, each of which was scored from 1 to 4. The final scores of the SDS and SAS were calculated by multiplying the raw score by a factor of 1.25. A score less than 53 (SDS) or 50 (SAS) was considered to be in the normal range according to the Chinese norm [@pone.0068205-Wenyuan1], [@pone.0068205-Chunfang1].

The Nepean Dyspepsia Index (NDI) was used for measuring both the symptom severity and the quality of life (QOL) [@pone.0068205-Talley1]. The translated version of the NDI was certified to be reliable and valid in evaluating the symptom severity and QOL of Chinese FD patients [@pone.0068205-Tian1]. The symptom index of the NDI was based on 15 dyspepsia-related physical signs. The number 0 represented no symptoms, and higher numbers paralleled worsening of the symptoms. Meanwhile, the QOL index of the NDI included four domains: interference, know/control, eat/drink and sleep/disturb [@pone.0068205-Talley2].

Imaging Data Acquisition {#s2e}
------------------------

A total of 5-minute resting-state functional imaging data were obtained from each subject. Images were collected using a 3T Siemens scanner (Allegra, Siemens Medical System, Erlangen, Germany) at the Huaxi MR Research Center, West China Hospital of Sichuan University, Chengdu, China. In order to minimize the head motion to diminish scanner noise, a standard birdcage head coil was used along with a restraining foam pad. Functional images were acquired with a single-shot gradient--recalled echo planar imaging sequence. (TR/TE: 2000 ms/30 ms, field of view: 240 mm×240 mm, matrix size: 64×64, flip angle: 90°, in-plane resolution: 3.75 mm×3.75 mm, slice thickness: 5 mm thick with no gaps, 30 axial slices). High resolution T1-weighted images were then collected with a volumetric three-dimensional spoiled gradient recall sequence (TR/TE: 1900 ms/2.26 ms, field of view: 240 mm×240 mm, matrix size: 240× 240, flip angle = 9°, in-plane resolution: 1 mm×1 mm, slice thickness = 1 mm, 176 sagittal slices). During the entire session, subjects were instructed to keep eyes closed, not to think about anything and to stay awake.

Imaging Data Preprocessing and ReHo Processing {#s2f}
----------------------------------------------

Preprocessing of the resting-state fMRI data were conducted using SPM5 (<http://www.fil.ion.ucl.ac.uk/spm/software/spm5>). The first 10 volumes of each functional time series were discarded to allow the longitudinal magnetization to reach a steady state and to allow participants acclimate to the scanning environment. The remaining images were corrected for acquisition time delay between different slices and realigned to the first volume. Head motion parameters were computed by estimating translation in each direction and angular rotation on each axis for each volume, which provided a record of head position. We controlled for head motion using a threshold of 1.5 mm translation in any cardinal direction and 1.5 rotation in each of the orthogonal x, y and z axes. The realigned functional volumes were then spatially normalized to the MNI space using the normalization parameters estimated by T1 structural image unified segmentation, re-sampled to 3 mm^3^ voxel. To conserve the fine-grained local pattern and to avoid artificial connections, normalized data were not smoothed. Several sources of spurious variance, including estimated motion parameters, linear drift, and average BOLD signals in ventricular and white matter regions, were removed from the data through linear regression. After the removal of variance, a temporal filtration (0.01--0.08 Hz) was performed to reduce the effect of low-frequency drifts and high-frequency noise. Kendall's coefficient of concordance (KCC) was used to measure the correlation of the time series of a given voxel with the time series of its 26 nearest neighbors. Individual ReHo maps were generated by calculating KCC within a gray matter mask in a voxel-wise manner using REST software (<http://restfmri.net/forum/index.php>). When the center cube was on the edge of the gray matter mask, we only calculated ReHo for a voxel if all of remaining nearest voxels were within the gray matter mask. For each subject, KCC map was normalized by dividing KCC in each voxel by the mean KCC of total gray matter.

Pattern Classification {#s2g}
----------------------

The flowchart outline of the analysis stream of the MVPA method was shown in [Figure 1](#pone-0068205-g001){ref-type="fig"}. There were two classes of our samples, each with a feature vector x that was extracted from the ReHo images. In the present study, we could obtain a data set ND, where N was the number of training samples, and D was the number of brain voxels in the ReHo map. Since N was far smaller than the feature vector dimensionality D, the computation of the classifier would be complicated and current computers might be even unable to do it. Thereby, it was essential to reduce the dimension. Here, we used principal component analysis (PCA) to project samples into a space of smaller dimensionality without losing information [@pone.0068205-Ringnr1]. This approach had been previously applied to reduce the dimensions of the feature space in the neuroimaging field [@pone.0068205-Song1], [@pone.0068205-You1]. After the application of PCA to the feature vectors, a set of principle components that explained the variance in the original features were obtained so the dimensionality of the original feature space could be substantially reduced. The low-dimension vector in the new feature space could be acquired by , (suppose y). Here, y corresponded to the low-dimension feature vector, to the mean feature vector of x. PCA would first find the eigenvectors and eigenvalues of the covariance matrix of the feature vector x. Since D far exceeded N, there would be only N--1 meaning eigenvectors according to the linear algebra. That was, the corresponding eigenvalues associated with the N--1 principle components were nonzero and the other remaining eigenvalues are zero. So (d = N--1) was a matrix that contained the corresponding eigenvectors of the covariance matrix. In this study, we used all of the principle components so the PCA was a nondestructive dimension reduction and a change in the coordinate system to the subspace.

![Flowchart outline of the analysis stream of the MVPA method.](pone.0068205.g001){#pone-0068205-g001}

After dimensionality reduction, support vector machine (SVM) was adopted as the classification algorithm that attempted to find a linear optimal separating hyperplane [@pone.0068205-Pereira1]. This optimal hyperplane with the best generalization was capable of separating the patterns of two classes (FD patients and HCs). The hyperplane was also called the decision boundary that might map fMRI features to brain states. If the training data was not separable, kernel trick and slack variables could be used to solve the problem. By using a kernel trick, the SVM could map the original features into a higher dimension space and attempt to find a linear optimal separating Hyperplane in this high-dimensional space.

The patterns were extracted from ReHo images and the known class label for each sample was fed into a linear kernel support vector machine classifier (LIBSVM--<http://www.csie.ntu.edu.tw/~cjlin/libsvm>). A hyperplane in the feature space was then enrolled to separate the two classes using the decision function , here was the pattern of sample i, corresponded to the class label for a given pattern , was a normal weight vector to the separating hyperplane and b was an offset. The weight vector could be treated as an image (i.e. discriminative map) that contained the value of the weight in each voxel. In addition, the parameter C (C = 1, default value [@pone.0068205-MouroMiranda1], [@pone.0068205-Momennejad1]) that determined the trade-off between classifier complexity and the number of inseparable patterns was fixed for all situations [@pone.0068205-Weygandt1].

We applied the LOOCV test to evaluate the performance of the classifier in separating FD patients and HCs. In each train, data from all but one subject (N--1 subjects) were used to train the classifier, and the classifier was then tested by using the data of the remaining subject. The procedure was repeated N times until each subject was left out once. Finally, Generalization rate (GR), Sensitivity (SS), and Specificity (SC) were calculated to quantify the results of this classifier.

Where TP is the number of the class label of patients that was correctly predicted; TN is the number of the class label of healthy controls that was correctly predicted; FP is the number of healthy controls classified as patients; and FN is the number of patient classified as healthy controls. So, we defined GR, SS and SC as the overall proportion of subjects that was correctly predicted, the proportion of patients that was correctly predicted, and the proportion of healthy controls that was correctly predicted respectively.

Discriminative Pattern {#s2h}
----------------------

Previous studies have shown that the direction of the weight vector is along which the features of two different categories differ most [@pone.0068205-MouroMiranda2], [@pone.0068205-MouroMiranda3]. That means that the value of the weight of one voxel determines its importance in the separation of two brain states. So, we chose the weight vector as the discriminating volume. As determined from the results mentioned above, **w** was obtained in the low-dimension space so it was impossible to directly determine the most discriminating areas. In order to get the discriminative map, we had to map the weight vector **w** back to the original space (i.e. voxel space) by the function, where represents the weights of all voxels in the ReHo map.

Permutation Test {#s2i}
----------------

In order to identify the most important brain regions for discriminating between FD and healthy controls, we performed a permutation test to assess the significance. In this study, the value of each voxel in the discrimination map was the object of the statistics. To generate the probability distribution by a permutation test, the class labels were permuted 5,000 times. In each permutation, a linear SVM classifier was trained with the permutation of the labels. A probability map that contained the p value of each voxel in the discrimination map was then derived under the null hypothesis that there was no difference in ReHo maps between FD patients and healthy controls. These voxels in which the p value was under the threshold were defined as significant regions. Considering the risk of Type I errors and Type II errors happening, a cluster level testing was performed (1999-Global, Voxel, and Cluster Tests, by Theory and Permutation, for a Difference Between Two Groups of Structural MR Images of the Brain). In order to obtain the clusters (cluster size was set to 10 voxels), the discriminative map at voxel level was first thresholded at  = 0.02. Then we identified the significant clusters between FD patients and healthy controls at the 0.001 level in the nonparametric distribution [@pone.0068205-Wang1].

Correlation Analysis {#s2j}
--------------------

Certain ROIs were defined from the results of MVPA mentioned above. The center Montréal Neurological Institute (MNI) coordinates of the 6 mm sphere was on the base of the largest absolute value of classification weight in each of the significant clusters in the ReHo image. To identify potential interactions between the ROIs in FD patients and the disease symptoms, the mean ReHo value of the voxels in the ROIs of each patient was extracted and correlated with FD duration and/or symptom severity using Pearson's correlation analysis. Adjustment for multiple comparisons was made with the Bonferroni correction (p\<0.01).

Results {#s3}
=======

Behavioral Data Result {#s3a}
----------------------

The demographics and clinical data of the subjects, between FD patients and HCs, were shown in [Table 1](#pone-0068205-t001){ref-type="table"}. The mean NDI scores were 48.73±17.04 in the FD group, and the mean SDS and SAS scores reported by patients were 43.04±10.20 and 41.79±8.49 respectively. All of these behavioral scores were larger than the ones for HCs. Meanwhile, significant statistical differences were not found in the demographics related to age and sex.

10.1371/journal.pone.0068205.t001

###### Behavioral data between FD patients and healthy controls.

![](pone.0068205.t001){#pone-0068205-t001-1}

  Variable                     Mean±SD      P-value    
  ------------------------- ------------- ------------ -----------------------------------------
  **Age (years)**            22.50±1.46    22.23±0.94    0.40[b](#nt103){ref-type="table-fn"}
  **Gender(Female/Male)**       20/10        19/11       0.79[a](#nt102){ref-type="table-fn"}
  **NDI**                    48.73±17.04   1.37±2.51    \<0.001[b](#nt103){ref-type="table-fn"}
  **SDS**                    43.04±10.20   33.38±6.62   \<0.001[b](#nt103){ref-type="table-fn"}
  **SAS**                    41.79±8.49    33.83±6.29   \<0.001[b](#nt103){ref-type="table-fn"}
  **DD (months)**            35.77±22.44               

**Abbreviation:** FD: Functional Dyspepsia; SD: Standard Deviation; NDI: Nepean Dyspepsia Index; SDS: Zung Self-Rating Depression Scale; SAS: Zung Self-Rating Anxiety Scale; DD: Duration of disease.

The p-value was obtained by Chi-square.

The p-value was obtained by two-sample two-tailed t-test.

MVPA Result {#s3b}
-----------

There were 60 samples for discriminative analysis, including 30 FD patients and 30 HCs. The classifier was trained with the 60 samples and was tested by using the same 60 samples. That meant a 60-round LOOCV was done to estimate the classifier's ability of prediction. The GR stemming from ReHo image was about 86.67%, with SS of 83.33% and SC of 90.00%.

The spatial patterns, showing the differences between FD patients and HCs, were displayed in [Figure 2](#pone-0068205-g002){ref-type="fig"} and [Table 2](#pone-0068205-t002){ref-type="table"} (permutation test: voxel level p\<0.02; cluster level p\<0.001). The discriminative regions included the right dorsomedial prefrontal cortex (dmPFC), left ventromedial prefrontal cortex (vmPFC), left orbitofrontal cortex (OFC), right supplementary motor area (SMA), right temporal pole (TP), bilateral insula, right pregenual ACC (pACC), left subgenual ACC (sACC), right MCC, left thalamus, left HIPP/ParaHIPP and right cerebellum.

![Spatial maps of classifier accuracies for distinguishing a ReHo map between FD patients and healthy controls using the MVPA analysis.\
Color bar indicates the classification accuracy of the detected brain regions.](pone.0068205.g002){#pone-0068205-g002}

10.1371/journal.pone.0068205.t002

###### The MVPA results showing the discriminative pattern between FD patients and healthy controls.

![](pone.0068205.t002){#pone-0068205-t002-2}

  Regions          Hem    BA     MNI   P-Value (voxel-wise)   P-value (cluster-level)           
  --------------- ----- ------- ----- ---------------------- ------------------------- -------- ----------
  dmPFC             L                                                                           
                    R      9      7             42                      39              0.0104    0.0008
  vmPFC             L     10     −6             55                      15              0.0131   \<0.0001
                    R                                                                           
  OFC               L     11     −12            43                      −21             0.0078    0.001
                    R                                                                           
  SMA               L                                                                           
                    R      6      7             2                       73              0.0162    0.001
  TP                L                                                                           
                    R     20     34             15                      −37             0.0192    0.0008
  Insula            L     48     −33            20                      12              0.0118    0.0004
                    R     47     39             24                       1              0.0052    0.0002
  pACC              L                                                                           
                    R     32      7             38                      24              0.0126   \<0.0001
  sACC              L     11     −6             36                      −7              0.0156   \<0.0001
                    R                                                                           
  MCC               L                                                                           
                    R    23/32    7            −30                      36              0.0182   \<0.0001
  Thalamus          L            −3            −12                      12              0.0196    0.001
                    R                                                                           
  HIPP/ParaHIPP     L            −13            4                       −21             0.0176    0.0002
                    R                                                                           
  Cerebellum        L                                                                           
                    R             7            −82                      −36             0.0096   \<0.0001

**Abbreviation:** Hem: hemisphere; BA: Brodmann area; dmPFC: dorsomedial prefrontal cortex; vmPFC: ventromedial prefrontal cortex; OFC: orbitofrontal cortex; SMA: supplementary motor area; TP: temporal pole; pACC: pregenual anterior cingulate cortex; sACC: subgenual anterior cingulate cortex; MCC: middle cingulated cortex; HIPP: hippocampus; ParaHIPP: parahippocamus.

Correlation Analysis Result {#s3c}
---------------------------

The [Figure 3](#pone-0068205-g003){ref-type="fig"} showed the mean ReHo values of these discriminative regions which were seem as the ROIs. It was shown in [Figure 4](#pone-0068205-g004){ref-type="fig"} that significant correlations were observed between the NDI scores ([Figure 4A](#pone-0068205-g004){ref-type="fig"}) and the ReHo values of ROIs and between the FD duration and the ReHo values of ROIs ([Figure 4B](#pone-0068205-g004){ref-type="fig"}). In detail, we found significantly positive correlations with the dmPFC (r = 0.58, p\<0.001), pACC (r = 0.49, p\<0.001) and the FD NDI scores, Meanwhile, we also found significantly positive correlations with the MCC (r = 0.53, p\<0.001), OFC (r = 0.55, p\<0.001), insula (r = 0.55, p\<0.001), TP (r = 0.58, p\<0.001) and the disease duration.

![The ReHo values of the ROIs between FD patients and healthy controls.](pone.0068205.g003){#pone-0068205-g003}

![Correlation results between the ReHo values of ROIs and behavior data.](pone.0068205.g004){#pone-0068205-g004}

Discussion {#s4}
==========

The goal of the current study was to increase our understanding of the neural mechanisms of FD patients by both examining the disruption of brain activity in the baseline state and examining interactions between the dysfunctional brain regions and FD symptom. We applied MVPA to identify the distinct neural response patterns between FD patients and HCs. MVPA effectively extracted reliable differences between FD patients' and HCs' brains with a generalization rate of 86.67%, sensitivity of 83.33% and specificity of 90.00%. The results revealed that FD-related differences in ReHo were widely found in the brain regions, including the prefrontal cortex, orbitofrontal cortex, supplementary motor area, temporal pole, insula, anterior/middle cingulate cortex, thalamus, hippocampus/parahippocamus and cerebellum. And certain regions were associated with FD symptoms.

Previous studies have detected the 'gastric sensation neuromatrix' mainly including the ACC, MCC, insula, PFC, temporal cortex, thalamus and cerebellum [@pone.0068205-Ladabaum1], [@pone.0068205-Lu1], [@pone.0068205-Vandenbergh1], [@pone.0068205-Stephan1]. In our present findings, many differences between FD patients and HCs were consistent with these studies. Furthermore, these brain regions were associated with the homeostatic-afferent, emotional-arousal and cortical-modulatory networks, as proposed by Mayer et al [@pone.0068205-Mayer1], [@pone.0068205-Mayer2].

The vmPFC has reciprocal connections with the limbic regions, such as the amygdala and HIPP, and is involved in motor control, monitoring, higher order sensory processing and supporting the regulation of behavior and control of responses to environmental stimuli. Hall et al detected that the activated vmPFC regions suggested affective responses to the distension and cortical modulation of bodily somatic reaction in irritable bowel syndrome (IBS) patients [@pone.0068205-Hall1]. The engagement of the dmPFC was found during anticipation of aversive stimuli and during tasks of emotional evaluations or integrations [@pone.0068205-Ploghaus1], [@pone.0068205-Wiech1]. Abnormal changes in both the vmPFC and dmPFC were also found in the default mode network [@pone.0068205-Liu1]. Considering the higher average ReHo values in the two brain regions, we speculated that FD patients might be more sensitive to the aversive experiments and might have abnormal ability of modulating emotion, which derived from the stomach in the FD patients. The positive correlation between the dmPFC and NDI might presented the degree of dysfunction in the dmPFC might be modulated even in the resting state, following changes in symptom severity.

OFC has a role in discriminating feelings and producing avoidance behaviors. Neuroscience studies show that the OFC is a nexus for sensory integration, monitoring and mapping visceral responses and internal states, as well as appraising sensory reactions and modulating autonomic responses [@pone.0068205-Vandenberghe1], [@pone.0068205-Kringelbach1]. Moreover, the OFC is related to a variety of functions, especially higher-order executive functions which include control and inhibition of inappropriate behavioral and emotional responses. Since the OFC plays a major role in the homeostatic afferent network, we hypothesized that dysfunctions in the OFC,with the higher average ReHo values, disturbed homeostatic afferent processing in FD patients. The positive correlation further showed the long aversive experiment of FD could make OFC have a worse effect on homeostatic afferent processing.

The insular cortex, as an important brain region, is associated with coordinating visceral sensory and motor information and is involved in autonomic regulation. The insula integrates physiological conditions via homeostatic afferents [@pone.0068205-Weygandt1], [@pone.0068205-Fan1]. The activation in the insula was commonly found in the gastric distension paradigm [@pone.0068205-Zeng1], [@pone.0068205-Saper1], [@pone.0068205-Mayer3]. Moreover, Philips et al found that anterior insula and dorsal cingulate played an important role in processing and modulating visceral sensation and these regions might belong to a more extensive cortical network involved in integrating emotional and visceral information [@pone.0068205-Phillips1]. The anterior insula is also thought to have an important role in the perception and subjective experience of pain by integrating other brain regions related to sensory and emotional aspects of pain [@pone.0068205-Berman1]. In this study, it was found that the FD patients had a higher average ReHo in the bilateral insula compared with HCs. And the ReHo in the right insula correlated with FD duration. The present results therefore might show that abnormal insula patterns reflected imbalance of homeostatic input and dysregulation of visceral responses in FD patients, which was driven by FD duration.

CC plays a crucial role in integrating multimodal information important for sensorimotor, emotional, allostatic/homeostatic, and cognitive functions [@pone.0068205-Vogt1], [@pone.0068205-Paus1], [@pone.0068205-Taylor1]. It has been shown that the pACC, as a subregion of part of the CC, is reciprocally connected to the insular cortex and engages in visceral sensory processing. The pACC could receive a large input from the amygdala and project the information to the visceromotor centers [@pone.0068205-Clark1]. Electrical stimulation in the pACC could induce autonomic and visceromotor responses [@pone.0068205-Devinsky1], [@pone.0068205-Talairach1]. Meanwhile, the pACC is associated with inhibitory pain modulation and cognitive modulation of pain emotion regulation [@pone.0068205-Vogt1]. Another part of CC (sACC) is involved in autonomic and classical conditioning functions, such as sad events [@pone.0068205-Vogt1]. Furthermore, the sACC is implicated in pain inhibition and emotional arousal [@pone.0068205-Valet1]. Berman et al found deactivation in the sACC deactivation during mild-to-moderate rectal distension in IBS patients [@pone.0068205-Talley1]. Rignel et al reported reduced activation of the sACC in IBS, particularly with abuse history. It speculated that dysfunctional sACC might be involved in regulation of emotional arousal and indirectly, through its inhibitory effect on amygdala-related circuits, in pain inhibition [@pone.0068205-Ringel1]. On the other hand, the MCC is enrolled in coordinating fear and avoidance of noxious stimuli [@pone.0068205-Lee1]. Several studies have shown activation of the MCC to noxious somatic and visceral stimulation [@pone.0068205-Elsenbruch1], [@pone.0068205-Larsson1]. Taking into account CC as important hubs of the homeostatic afferent and emotional-arousal networks, our related-CC results might present dysfunctions of pain inhibitory, cognitive and emotional regulation of pain as well as emotional arousal in FD patients, because of the higher ReHo in the CC. Moreover, CC was associated with disease duration and/or symptom severity (in [Figure 4](#pone-0068205-g004){ref-type="fig"}). It might present that CC was more a characteristic brain region in FD patients. The interaction between an abnormal CC and the neural mechanism of FD should be further evaluated in future studies.

The different pattern related to the thalamus was found in the present study. The thalamus is a kind of switchboard of information with multiple functions. Furthermore, it is generally believed to act as a relay between a variety of subcortical areas and the cerebral cortex. It relays sensory and motor signals to the cortex [@pone.0068205-Saper1]. It has been shown that the visceral sensory pathway is to the thalamus, and has an ability of composing sympathetic and parasympathetic afferents [@pone.0068205-Saper1]. Thereby, the different pattern in the thalamus would be likely to suggest dysfunctions of sensory pathway. Because thalamus is an important part of homeostatic afferent processing network, the thalamus-related dysfunctions might bias FD patients toward unpleasant or painful perceptions from the viscera.

The TP which is located at the anterior-most part of the temporal lobe receives and sends connections to the amygdala and OFC, two regions that have been most commonly linked to socioemotional processing. Thus, it has often been known as a paralimbic region. In addition, the TP and hypothalamus, an important region for autonomic regulation of emotions, have been shown to have a strong connection [@pone.0068205-Olson1]. TP dysfunction has been associated with numerous socioemotional disorders [@pone.0068205-Lu1], [@pone.0068205-Olson1]. In our results, we found the discriminated pattern in the TP in FD patients, compared to HCs. We suggested that the TP was enrolled in the neuropsychological mechanism of emotion in FD patients, which was correlated with disease duration.

As a critical role, HIPP/ParaHIPP is commonly connected with the processing of different aspects of pain and visceral sensations, recall of past visceral pain memories and memories of unpleasant visceral sensations, vigilance towards expected pain, autonomic responses and antinociception [@pone.0068205-WilderSmith1], [@pone.0068205-Mayer4], [@pone.0068205-Andresen1]. In accordance with these studies, our findings could be suggested to enhance negative expectations or sensations in the FD patients.

Although the cerebellum's fundamental function remains a mystery, many findings suggest that the cerebellum plays a role in multiple functional domains: cognitive, affective, sensory and motor. Lu et al reported that cerebellum was activated by gastric pain induced by fundus distension [@pone.0068205-Lu1]. Ness et al found that cerebellum was associated with visceral nociceptive processing [@pone.0068205-Weygandt2]. It suggested that the cerebellum might indirectly mediate the perception sensation by integrating sensorimotor circuitry. Thereby, we hypothesized that the differences in the cerebellum with the higher ReHo value, showed cerebellar dysfunction in FD patients.

In addition, resting-state fMRI, ever since its first reported by Biswal et al [@pone.0068205-Biswal1], has been being paid more attention to, and the level of spontaneous low-frequency (0.01--0.01 Hz) fluctuations of blood oxygenation level-dependent (BOLD) signals has become a powerful tool in the investigation of brain disorders [@pone.0068205-Zhang1]. Unlike other related-resting analysis approaches measure the signal synchrony of low-frequency fluctuation activity among different brain areas, ReHo premises that within a functional cluster, the hemodynamic characteristics of every voxel should be similar, or synchronous with that of each other; and the similarity could be modulated by different experiment conditions [@pone.0068205-Zhang1]. It thereby provides more information of regional spontaneous activity [@pone.0068205-Zang1]. ReHo has been extensively used in studying spontaneous activities from healthy subjects to patients with certain diseases [@pone.0068205-Zang1], [@pone.0068205-Song2], and ReHo mapping was also applied for MVPA [@pone.0068205-Zhu1], [@pone.0068205-Wang1]. MVPA on resting-state functional MRI data has a better ability of indicating potential neuroimaging-based biomarkers to differentiate patients from HCs at the individual subject level and potentially finding spatially distributed information to highlight the neural mechanisms underlying the differentiate symptoms of certain disorders. In the present study, the MVPA results showed a wider range of brain regions which could distinguish FD patients from HCs in terms of resting-state functional MRI. The present results suggested that a suitable MVPA approach was able to identify both pattern discrimination and pattern localization during the resting-state, associated with FD. All of our findings reflected a significant methodological contribution in the brain-gut interaction research.

Limitations {#s4a}
-----------

The limitations in the present study should be noted. Firstly, the FD patients were not divided into hyper- and normosensitive groups. We will try to investigate the different patterns among hyper-, normosensitive FD patients and HCs in a future study. Secondly, how to combine functional imaging and other neuroimaging, such as structural magnetic resonance imaging and/or diffusion tensor imaging, will be also investigated in the future.

Conclusions {#s4b}
-----------

To summarize, the present study demonstrated that the different patterns in the brain between FD patients and HCs could be decoded by using an SVM-based MVPA approach, combined with a ReHo map. Here, the discrepancies in activation patterns were mainly characterized in the PFC, OFC, SMA, TP, insula, CC, thalamus, HIPP/ParaHIPP and cerebellum. These results verified our hypothesis about FD-related abnormalities of brain activity during the resting state, and provided evidence that MVPA approach was effective in analyzing them. It was hoped that the current study could provided useful information for the mechanism underlying FD and related diagnostic assay.

[^1]: **Competing Interests:**The authors have declared that no competing interests exist.

[^2]: Conceived and designed the experiments: WQ FZ FL. Performed the experiments: FZ QG FL. Analyzed the data: PL JW GZ HW. Contributed reagents/materials/analysis tools: FL QG FZ. Wrote the paper: PL JW QW GZ JT KMvD.
